micro total analysis systems (μTAS) wherein microsections of electrospun nanofibers mimic bio-inspired architectures for spatio-temporal cell-cultures [1] [2] [3] [4] [5] . Non lithographic patterning of such nanofibers has been demonstrated with mechanical shearing [4] , laser machining [6] and hydrogel template [7] techniques, and direct writing [46] but those approaches suffer from low resolution, multiple process steps, and excessive process time. Ultraviolet (UV) lithography is a manufacturing process used to replicate patterns from mask to photosensitive polymer in dimensions ranging from millimeters to sub-micrometers. Indirect lithographical patterning of such nanofibers could be achieved with photoresist patterning and subsequent reactive ion etching (RIE) of the nanofibers [8] , [9] . However, if the electrospun nanofibers are made of photosensitive polymer, direct lithographic patterning is feasible. Recently, the direct lithographic patterning of thin layers of electrospun nanofibers has been demonstrated with reported maximum patterned thicknesses at only a few micrometers [10] [11] [12] [13] [14] . However, the vertical dimensions cited in those studies are far smaller than the thicknesses useful for most three dimensional (3-D) biomedical, chemical, and electrical applications which often require vertical dimensions above hundreds of micrometers. This limitation is associated with the diffraction and scattering effects of the optical rays in an inhomogeneous medium. Such diffraction and scattering effects can be amplified if the medium consists of multiple materials with large refractive index differences and the characteristic dimension of the material is comparable to the wavelength of the optical light source, which results in poor directivity and limited patterning capability. The typical diameter of electrospun nanofibers is between 100 nm and 500 nm, a range comparable to the wavelengths commonly used for UV lithography, such as i -line of 365 nm and g-line of 405 nm, and therefore provides a challenge for the fabrication of well-defined 3-D naofibrous microstructures [12] , [13] , [15] .
In UV lithography, air gap between polymer surface and lithographic mask in thick film resists introduce multiple refractive index medium wherein light diffraction affects resolution of pattern structures [42] . Refractive-index matching liquids are one technique which has been demonstrated to minimize diffraction of light when introduced in the air gap. Y. Chuang et. al. shows that Glycerol (n=1.47), when introduced in the air-gap can improve the side wall profiles of high aspect ratio walls in SU-8 (n=1.67) [43] . R. Yang compared the performance of Cargille liquid 1809X (n=1.67) and glycerol (n=1.47) in the patterning of SU-8 pillars and showed a marginal improvement when the Cargille liquid was used [44] . While refractive index matching liquid has been used for SU-8 film lithography, it has not been used for SU-8 nanofiber lithography.
Carbon as a biomaterial has recently found widespread use in biomedical devices such as cardiovascular systems, dental implants or joint and tendon replacement [16] , [17] . Its immense popularity as a biomaterial stems from multiple advantages such as biocompatibility, thromboresistance, durability, mechanical strength, and electrical conductivity [16] , [18] . The usage of carbon includes substrates and scaffolds, electrochemical biosensors, and electrophysiological devices [19] [20] [21] [22] [23] [24] . Polymer-derived carbons are a new class of conductive materials with conductivity customizable by process temperature [25] . These carbon nanofibers have been used to increase the surface area in energy storage devices [26] . Cultured fibroblasts and spinal cord cells have shown preferential growth on the plasma treated carbon surface, which is attributed to the increased roughness and increased surface energy of the patterned substrate [27] . Carbon nanofibers derived from polyacrylonitrile (PAN) have been reported to be non-toxic with insignificant levels of reactive oxygen species (ROS) release when cultured with Schwann cells [28] . For these reasons, carbonous materials are of great interest for neuroscience applications, particularly for observing the electrophysiology of neuron networks.
Micropatterned electrodes (30-100 μm) using lithography or stamping have been demonstrated to attract neuron bundles to grow on top of them, with the increased density of neurons in close proximity to the electrodes resulting in improved recording activity [29] . Microengineered platforms with Carbon Nanotube (CNT) embedded polydimethysiloxane (PDMS) and silver embedded PDMS electrodes have been fabricated and used to stimulate embryonic cardiac cells so as to improve their biomechanical properties [30] . Micropatterned electrodes are utilized in various applications ranging from investigations of neural coding to electrophysiology and electroretinography, to circuits for biorhythm detection [29] , [31] , [32] . Conventional electrodes are made from micropatterned gold, platinum black, iridium oxide, titanium nitride and also conductive polymers such as polypyrrole (PPy), polythiopene (PT), polyaniline (PAni) and poly(3, 4-ethylenedioxythiopene) (PEDOT) [33] .
In this work, the fabrication process of nanofibrous 3-D microstructure using refractive index matching immersion lithography is reported. The fabricated structure goes through the carbonization process for microelectrode applications. Especially, we explore the usage of photopatternable epoxy, SU-8 (Microchem, Inc.), derived carbon nanofibers as electrodes and/or substrates for neural engineering applications. The fabrication process and the use of SU-8 derived carbon nanofibers have multiple advantages: (1) photolithographic patterning enables the production of high resolution structures necessary for neural signal measurement, (2) the increased roughness of electrospun nanofibers mimics the three dimensional architecture of the extra cellular matrix, and (3) a nonmetallic, biocompatible, low resistivity material is enabled for neural signal measurement. The direct lithographical patterning of a thick nanofibrous stack is investigated in different ambient conditions, e.g. air and oil. In air, the refractive index difference between the air and polymer nanofiber is significant and the 3-D patternability in both vertical and lateral directions is very poor. However in oil, the refractive index of the oil is closer to that of the polymer nanofiber and the lithographic patternability is greatly enhanced. The 3-D patternability is studied using both numerical analyses and experiments. Optical simulations based on the Huygens-Fresnel diffraction principle are used to study the effect of diffraction and the results are compared with experimental observations regarding the optical dose and the resulting geometry. The implementation of immersion lithography for the fabrication of microelectrode arrays is fully characterized in terms of photopatternability, surface roughness, electrical characteristics, and biocompatibility. Also, it details the fabrication process of carbon nanofiber (NF) scaffolds, integration of immersion lithograph for high aspect ratio fabrication, the resulting scaffold characteristics, and experimental results of neural cell growth on the scaffolds.
II. EXPERIMENTAL
Nanofiber immersion lithography for in-situ patterning of electrospun nanofibers on a lithographic mask in an oil medium is shown in Figure 1 . First, SU-8 nanofibers are electrospun from the solution of SU-8 2025 in N, N-Dimethyl -formamide (DMF) (60.9 wt%, Sigma Aldrich, Co.) on a pre-patterned chrome coated glass photomask (1a). Second, a PDMS thin film is used to form a reservoir on the periphery of the nanofibers and the reservoir is filled with oil (Wesson canola oil, ConAgra Foods Inc.), to submerge the nanofibers. The setup is placed under vacuum overnight to degas it (1b). Note that SU-8 and the oil are immiscible each other. Third, the reservoir is covered with a cover glass and flipped over. The nanofibers are exposed under an i -line UV light (Oriel Instruments, Inc.) (1c). The exposed area is cross-linked by post exposure bake either on a hotplate (Echotherm HP40, Torrey Pines Scientific, Inc.) or a convection oven (Isotemp 281A, Fisher Scientific, Inc.) and developed in SU-8 developer (Microchem Inc.) to remove both the unexposed SU-8 and the oil. Figure 1d shows the setup of the oil immersed nanofibers for backside UV exposure.
Fabrication of carbon nanofiber (CNF) microelectrode arrays (MEAs) integrates nanofiber immersion lithography with SU-8 thin film lithography and is described in detail here and in previous reports [34] . Electrodes are patterned on Quartz substrates, sputtered with 120nm thin chrome, using Shipley S1818 photoresist in Step A. Electrode traces are lithographically patterned on the chrome electrode patterns in 7μm thick SU-8 films using a mask aligner (MA6, Karl SUSS, Inc.) in Step B. Nanofibers are then electrospun from a 60.9 wt% SU-8 2025 solution with dimethylformamide (Sigma Aldrich Co., USA) on the patterned SU-8 thin film from
Step B. The electrospinning process was performed using a single needle setup with a polymer flow rate of 1ml/min using a syringe pump (NE-1000, New Era Pump Systems, Inc., USA), at an electric voltage of 15kV using a high voltage source (DEL HVPS MOD 603 30 KV POS, Spellman High Voltage Electronic Corp., USA), and the substrate at a distance of 10cm. Electrospun nanofibers are then lithographically patterned using the electrode patterns as a photomask under an ultraviolet (i -line: 365-nm wavelength, LS30, OAI Inc. USA) light with an optical dosage of 450 mJ/cm 2 as shown in Step C. Then exposed nanofibers are thermally cross-linked on a hotplate and developed using SU-8 developer. After the development process, the nanofibers are dried with nitrogen gun similar to the thin film fabrication process. Patterned nanofibers are then hard baked at 150°C followed by the carbonization process inside a tube furnace (HTF 55322C, Lindberg Inc., USA) as shown in Step D. Carbonization process is performed under forming gas (4% hydrogen and 96% nitrogen, Airgas Inc., USA) atmosphere at a flow rate of 1 slm with a temperature ramp rate of 5°C/min to reach the final temperature where it is held for 1 hr and then cooled down to room temperature naturally.
Wave propagation through the nanofibers is simulated using a multiphysics simulation tool (COMSOL Multiphysics, Ver. 4.3, COMSOL Inc.), where uniformly aligned SU-8 nanofibers with a fiber diameter of 300 nm and a pitch of 600 nm are used. Each nanofiber layer is aligned in the x-axis or y-axis, alternatingly and incoming wavelength is fixed at 365nm.
Scanning electron microscope (SEM, JEOL 5700) images were taken after sputtering a 20 nm Chrome layer on the samples. Nanofiber pillar height and diameters were measured from cross-sectional SEM images using ImageJ imaging software. NF membrane height was measured using a profilometer (Dektak 150, USA). Roughness of all substrates was measured using atomic force microscopy (AFM)(SPM/AFM Dimension 3100, Veeco Inc. USA) then calculated in Gwyddion 2.31 (SPM data analysis software) by averaging ten roughness values determined from ten randomly drawn, two-dimensional line profiles on each 10 × 10 μm 2 micrograph. Statistical analysis based on two-tailed 95% confidence intervals (C.I.) was performed on data for nanofiber membrane height and roughness using student's t-distribution [35] and statistics software (Origin Pro, OriginLab Inc., USA). Linear fitting for the swing curves to determine the contrast ratio is performed using the least squares method in the Origin lab. Sheet resistance of CNF is measured using a four point probe setup using a source meter (2400, Keithley Instruments Inc.). Resistivity was calculated based on thin film geometry (thickness << probe spacing) using the average of resistance measurements taken at 5 different locations.
Substrates were treated with O2 plasma for 30-seconds, followed by 0.001% polyethylenimine (w/v) in water, and seeded with E18 rat cortical neurons according to the vendor's protocol (BrainBits LLC). Neural cell growth was observed via calcein, AM staining at 7-days in-vitro (DIV). Neural outgrowth was quantified by calculating the number of cell bodies per mm 2 of substrate with ImageJ (National Institutes of Health, USA). Detailed culture methods are in the literature [41] .
III. RESULTS AND DISCUSSION

A. Nanofiber Immersion Lithography
Figure 2a and 2b show the schematic of ray tracing geometry through layers of nanofibers in the air and refractive index matched medium e.g. oil, respectively. Numerical analysis using the Fresnel-Huygens diffraction principle for wave propagation shows a decrease in ray scattering in the oil medium compared to that of the air medium as shown in Figure 2c and 2d. Note that the refractive indices of the air (n air ) and SU-8 (n SU−8 ) are 1 and 1.67, respectively. In the case of the oil (n oil = 1.47), the smaller difference between the refractive indices reduces the overall diffraction effect, thus mimicking that of a much more homogeneous polymer medium. Lithographically patterned 60 μm diameter pillar structures are fabricated using electrospun SU-8 nanofibers in the air and oil medium, represented in the SEM images in Figure 2e and 2f, respectively. Using the same exposure dosage of 400 mJ/cm 2 for both media, the fabricated pillars in air are 25.9 ± 4.1 μm tall and 100.8 ± 24.0 μm wide, while in oil the pillars are 55.5 ± 3.3 μm tall and 73.3 ± 5.8 μm wide. Exposure in air results in a convex lens profile due to the large diffraction effect, whereas exposure in oil demonstrates a higher aspect ratio pillar with the reduced light diffraction during the exposure phase.
To study the effect of the air and oil medium on the height of patterned nanofibers, unexposed nanofibers collected via electrospinning for 6-minutes are exposed with increasing exposure dosage using an array of circular patterns with 60 μm diameter and 200 μm pitch. In the case of the air medium, shown in Figure 3a -c, with increasing exposure dosage from 200 to 400 mJ/cm 2 , the pillar height saturates at approximately 30 μm but the diameter increases to 1.68 times the mask diameter at 400 mJ/cm 2 . In contrast, pillars exposed in the oil medium (Figure 3d-f) show increasing nanofiber height with increasing exposure dosage giving 2.14 times the nanofiber height obtained with air exposure at 400 mJ/cm 2 , while the diameter increases only by 1.2 times the mask diameter.
The height of exposed photoresist depends on the proper cross-linking of photoresist. The cross-linking of SU-8 is dependent not only on the exposure dosage, but also on the thermal energy in the post exposure step that expedites the cross-linking of the polymer following the release of Lewis acid. To examine the effect of thermal heat transfer from the two post-exposure baking (PEB) methods, i.e. using a hot plate and a convection oven, samples with thick electrospun nanofibers are overexposed with the same exposure dosage of 2000 mJ/cm 2 , and then post-exposure baked using both baking procedures. The question being asked is to whether there is a difference in the height of the cross-linked nanofibers due to thermal transfer from bottom to top with the hot plate or top to bottom with the convention oven. Figure 4 shows two sets of nanofibers electrospun with increasing electrospinning times from 2-minutes to 8-minutes, where the same height of nanofibers before PEB for both convection oven and hot plate conditions are obtained. In Figure 4a , we observe that, in the case of nanofibers exposed in the air medium, the height of the nanofiber stack decreases following the PEB. Decrease in height is observed for both the hot plate and convection oven samples and the height saturates at around 75 μm even though the height of the pre-PEB fibers is over 200 μm. In the case of the oil medium exposed nanofibers as shown in Figure 4b , the height of the nanofiber stack remains the same following the PEB regardless of the exposure methods. We conclude that the decrease in height by PEB of the nanofiber stack patterned in the air medium is not due to the inadequate transfer of thermal energy but self-limiting light propagation due to diffraction or scattering in the air environment. Table 1 shows the refractive index, viscosity, and cost of immersion liquid materials considered. Glycerol and Cargile liquids, due to refractive index matched with SU-8 were used previously for air-gap minimization of lithographic patterning of SU-8 films [42] [43] [44] . But in the case of SU-8 nanofiber lithography, the porosity of the nanofiber structure requires a less viscous liquid such as Canola oil. Also the fabrication of porous structures requires larger quantities of the immersion medium to compared to planar lithography, therefore cost of index matching medium increases with increasing thickness of the nanofiber structure. In Table 1 , we see that Canola oil is Fig. 4 . Nanofiber membrane height versus electrospinning time using a hotplate and an oven as a post exposure bake method for exposed nanofibers, (a) in the air medium and, (b) in the oil medium.
TABLE I SU-8 NANOFIBER IMMERSION LITHOGRAPHY LIQUID MATERIALS
the ideal index matching liquid in terms of matched refractive index, low viscosity and cost economical. Ethylene glycol was also considered due to its matched refractive index with SU-8 and viscosity. But ethylene glycol reacts with SU-8 to and reforms the nanofibrous structure to give homogenous structure cross-linked SU-8.
B. Device Modeling
Photoresist films in UV lithography suffer from pattern distortion due to the optical diffraction. The farther light travels from the mask and polymer interface, the stronger the diffraction effect [36] . The Huygens-Fresnel principle as a diffraction model uses the Kirchhoff boundary conditions for the near field and Sommerfeld radiation approximation for the far field boundary conditions [36] . In solving the time harmonic propagation of light using the Helmholtz equation, we can solve for the scalar potential U and get the accumulated light intensity at a given point in the photoresist given by I(P 0 ) as shown in Eq. (1) and (2) [36], [37] . The exposure dose received at the nanofibers is given by the accumulated light intensities at any given position in the photoresist for a given exposure time and is defined by D which is a function of the position (P 0 ) and exposure time (t ex p ) as shown in Eq. (3) [38] .
where U is the scalar function, k, n and ε are the wave number, refractive index and dielectric constant of the medium, and c, λ are the velocity and wavelength of the UV light, respectively. R 1 is the reflection coefficient at the glass/oil interface, z is the lateral distance from mask to position P 0 , and α exp , α unexp are the absorption coefficient of exposed and unexposed SU-8, respectively. Figure 5 shows the spatial distribution of the normalized dosage D which is calculated using Eq. (2) and (3) when the medium consists of nanofibers and oil. The nanofibers are modeled as uniformly aligned fibers with a fiber diameter of 300 nm and a pitch of 600 nm. Each nanofiber layer is aligned in the x-axis or y-axis, alternatingly. Figures 5b-d show the optical intensity distributions along the indicated lines at the near-, mid-, and far-field locations, respectively. The normalized dosage distribution at the nanofiber in the oil medium (black line) is compared with that of the homogeneous SU-8 polymer film (orange line). The dotted blue line indicates the threshold dosage for SU-8, which is the level of the exposure dosage sufficient to cross-link [36] . In the case of near-field at z = 0.4 μm from the mask, while the crosslinked area of the SU-8 film is clearly demarcated at the mask boundary, there are also some cross-linked nanofibers under the mask where one would hope no cross-linking takes place. In the case of mid-field, where dosage is less than one for the near-field, the nanofibers under the mask pattern are not cross-linked. The film and nanofibers under the open window of the mask still receive more than the threshold dosage and are thus cross-linked. In the case of far-field at z = 15 μm, both the SU-8 thin film and the nanofiber observe a decrease in the expose dosage, with some areas under the open windows of the mask receiving dosage less than the threshold dosage.
As the optical dose increases, the diffraction effect becomes significant. In order to visualize the diffraction effect in the photoresist around the edge of the masked area and the exposed area, every point in the photoresist that receives a dosage above the intrinsic UV sensitivity of SU-8 is mapped black. Figure 6 shows a series of mapped crosssectional profiles around the nanofiber and mask interface with increasing dosage calculated using Eq. (2) and (3). It is observed that with increasing dosage there is an increase of the dark area in the lateral direction, which indicates widened polymerized patterns. While the profile boundaries cannot be clearly demarcated, patterns that delineate the exposed from the unexposed can be qualified.
Figures 7a-c show a top view of UV lithographically patterned nanofibrous stacks with a pattern width of 200 μm and a stack thickness of 10 μm as a function of the optical dosage of (a) 120 mJ/cm 2 , (b) 240 mJ/cm 2 , and (c) 1200 mJ/cm 2 , respectively. In Figure 7a , the exposed and unexposed nanofiber regions are clearly demarcated, as is suggested by the minor amount of lateral spread of exposure under the mask in Figure 6a . With increased optical dosage in Figure 7b , a scattered thin layer of nanofibers is observed on the substrate under Fig. 7 . Patterned nanofiber membranes with increasing exposure dosage Do: (a) at 120 mJ/cm 2 , the exposed and unexposed areas clearly demarcated, (b) at 240 mJ/cm 2 , thin layer of nanofibers is exposed on the substrate, and (c) at 1200 mJ/cm 2 , the nanofibers are over-exposed.
the masked area, which corresponds to the dotted regions on the mask-nanofiber interface in Figure 6b . The irregular crosslinking of nanofibers under the mask is insufficient to bind the layer in a full thickness, resulting in the scattered residual nanofibers. Figure 7c shows the fabricated structure with an overexposure dosage of D o = 1200 mJ/cm 2 , where the large portion of the nanofibers under the masked area is crosslinked. There is almost no distinction between the masked and unmasked areas, which is consistent with the extended spread of the overexposed area in the simulation in Figure 6c .
For the quantitative analysis of patterned nanofiber stacks, the resist sensitivity or exposure response curves are plotted using nanofiber heights as a function of increasing exposure dosage. Resist contrast ratio is determined by the positive slope of the linear growth region of the sensitivity curve [39] . The higher the contrast ratio γ n , the higher is the resolution capability of the resist, in this case, optical transmission in the medium.
where D o g is the dosage required to reach saturation and D i g is the critical dosage minimally required to crosslink the photoresist. Figure 8a shows the experimental results of the nanofiber stack with an unexposed thickness of 10 μm. The critical dosage D i g of SU-8 nanofiber stacks has been experimentally determined to be anywhere between 45-55 mJ/cm 2 which matches well with that of SU-8 solid thin film [38] . Increasing the dosage increases the height of the developed nanofibers until it saturates at the initial height of the unexposed electrospun nanofiber stack. Figure 8b shows the resist swing curves of an 80 μm high electrospun nanofiber stack exposed in both the air and oil medium. Figure 8c shows the effect of exposure dosage on the nanofiber stack diameter. When air is the medium, the diffraction effect severely limits the wave transmission through the bulk of the nanofibers and the patterned nanofiber stack height gradually increases to 69.7 ± 0.7 μm at 2000 mJ/cm 2 . In the case of the oil medium, the nanofiber stack height reaches 74.5 ± 3.0 μm at only 450 mJ/cm 2 . From the swing curves, the increasing nanofiber stack height intersecting with the maximum possible height of the nanofiber stack is used to determine the saturation dosage D o g , which is 3,100 mJ/cm 2 and 550 mJ/cm 2 for the air and oil medium, respectively. Using Eq. (4), the contrast ratio is calculated to be γ n air = 0.56 and γ n oil = 0.96. At 450 mJ/cm 2 , the height and diameter of the nanofiber stack (or pillar) in air is 31.5 ± 7.8 μm and 123.6 ± 22.8 μm, respectively, giving an aspect ratio of 0.26. In contrast, in the oil medium, the height and diameter of the nanofiber stack (pillar) is 74.5 ± 3.0 μm and 84.1 ± 21.4 μm, respectively, giving an aspect ratio of 0.89. Thus the use of an oil medium not only allows the higher aspect ratio structures but also improves the patterning resolution in the SU-8 nanofiber stacks.
C. Process Characterization
Increased exposure dosage on the nanofiber stack in the oil medium increases its height as observed in Figure 9 . Figures 9a-9c show the side views of the SU-8 nanofiber stack with an increased dosage of 300, 400 and 500 mJ/cm 2 . It is observed that the patterns have rounded edges. The increase in height is also coupled with an increase in width of the nanofiber stack (pillar) as dosage increases.
Nanofiber heights and diameters are plotted as a function of increasing exposure dosage in Figure 10a and 10b. We compare the nanofiber parameters of patterned SU-8 nanofibers without and with an SU-8 thin film and also after the carbonization process. We observe that in the case of SU-8 NFs, an increase in exposure dosage from 100 to 500 mJ/cm 2 increases the nanofiber stack height from 11.6 ± 1.1 μm to 43.0 ± 1.2 μm; the same increase in exposure leads to an increase in the stack diameter from 29.3 ± 1.9 μm to 38.6 ± 3.6 μm, where the increase is attributed to the diffraction caused by the slight mismatch in refractive indices between oil and SU-8. When an SU-8 thin film (TF) with a thickness of 7 μm is introduced between the mask and the nanofibers, keeping the unexposed initial height of the nanofiber stacks the same, the height of the developed nanofibers decreases by an average of 8.4 ± 4.1 μm while the diameter also decreases by an average of 3.4 ± 0.5 μm. This decrease in nanofiber height is attributed to the 5-10% transmission loss of UV light through the SU-8 TF. Therefore increased exposure dosage is necessary for exposure of SU-8 NFs through SU-8 TF. The introduction of SU-8 TF is used in the fabrication of trace electrodes to connect the disparate nanofiber electrodes used in the fabrication of microelectrode arrays (MEAs). Following the carbonization process [34] , a marked decrease in nanofiber stack height and nanofiber diameter is observed and calculated to be 65.0% and 46.7%, respectively. This is attributed to the shrinkage of the Carbon TF and the Carbon NFs during pyrolysis.
Surface roughness for SU-8 TF, SU-8 NF, Carbon TF and Carbon NF is characterized using atomic force microscopy (AFM) as shown in Figure 11 [40] . Average roughnesses of the substrates are tabulated in Table 2 . The roughness of the fiber surfaces is two orders of magnitude greater than that of the corresponding thin film surface for obvious reasons of geometry. The carbonization process likely collapses the surface pores of the thin films as the roughness declines from 0.72 nm to 0.27 nm. However, the apparent roughness of the electrospun NF surfaces almost doubles with carbonization from 83.7 nm to 164.4 nm, which is attributed to the shrinking of the nanofiber in diameter, which increases the spacing between these fibers. Figure 12 shows the measured bulk resistivity of a CNF stack and CTF at different final carbonization temperatures between 900°C and 1100°C. It is observed that with the carbonization process, the resistivity decreases with the increasing final process temperature. The highest resistivity is measured at 900°C to be 0.25 -cm and the lowest at 1100°C to be 0.04 -cm. In the case of the CTF, the resistivity decreases from 4000 -cm at 600°C to 0.01 -cm at 1000°C [13] . The monotonic decrease in resistivity of the CNF stack is similar to the monotonic decrease in resistivity of the CTF. The higher resistivity of the CNF stack when compared to that of CTFs is attributed to the increased porosity of the CNF stack. Therefore the measured resistivity of the CNF stack is indeed the aggregate resistivity of the pure CNFs and that of the air gaps or the effective resistivity. CNF-based pillars were fabricated on CTF traces for microelectrode arrays (MEAs) using the fabrication process described earlier [34] . Figure 13a shows the fabricated NF MEAs with the SU-8 TF traces prior to the carbonization process. Figure 13b shows the carbonized nanofiber pillar array on the carbonized thin film trace. Individual electrodes shown in Figure 13c demonstrates the side view images of the fabricated nanofibrous pillars with an SU-8 NF pillar diameter of 30 μm on an SU-8 TF pattern diameter of 60 μm. Using 500 mJ/cm 2 exposure dosage gave a nanofiber average height and diameter of 37.3 ± 2.5 μm and 35.1 ± 2.3 μm, respectively. In Figure 13d , it is observed with the individual electrodes that while the porous architecture intrinsic to the electrospun nanofibers remains intact, the overall pillar height decreases. Decrease in height of the nanofiber stack (pillar) and thin film is attributed to the shrinkage of polymer following the carbonization process.
Patterned MEAs with increasing height of the nanofiber stacks were used for culturing E18 rat cortical neurons for 7 DIV. It is shown that neural growth is supported on these substrates and that neural cells grow in close proximity to the CNF pillars as shown in Figure 14 . This shows that the nanofiber electrode arrays are biocompatible and that the nanofiber pillars attract neurons over time. This is a desirable attribute in microelectrode arrays in that the electrodes will more effectively collect neural signals when neural cell bodies are in direct contact with the microelectrode.
IV. CONCLUSION
A lithographic patterning process of electrospun SU-8 nanofibers and its carbonization for a microelectrode array application have been demonstrated. It is found that the oil immersion (refractive index matching) lithography technique helps minimize the scattering of light through the inhomogeneous medium of the electrospun nanofibers, resulting in nanofibrous pillar structures with aspect ratios improved from 0.26 in air to 0.89 in oil. Experimental results with two methods of heating for development support that the limiting factor of the short microstructure patterns is lack of optical dosage due to scattering. Simulations based on the Huygens-Fresnel principle support the reduction of diffraction effects and the increased directivity with the use of oil medium better matching to the refractive index of SU-8, and are helpful in predicting the profiles of the patterned nanofiber stacks. It is implied that the patterning results would be better with a closer matching medium to the refractive index of SU-8.
The roughness of thin film and electrospun surfaces, both before and after carbonization, shows surprising but understandable increases in the roughness of the nanofiber surfaces. Carbonization has temperature dependent effects on the resistivity of the materials, but the range of 0.25 -cm to 0.04 -cm appears more than adequate for most biosensor applications and shows potential for the utilization of these materials as microelectrodes. Also, nanofibrous carbon pillar electrodes and thin film traces have been introduced.
Neural outgrowth on the surface in preliminary results shows that neural cell bodies are attracted to the nanofibrous electrode pillar architecture over time. Also, the presented process is expected to have broad applications benefiting from high aspect ratio nanofibrous microstructures, such as high sensitivity sensors, high aspect ratio 3-D scaffolds, and large surface area micro energy storage devices.
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